The robustness of scholarly peer review has been challenged by evidence of disparities in publication outcomes based on author's gender and nationality. To address this, we examine the peer review outcomes of 23,873 initial submissions and 7,192 full submissions that were submitted to the biosciences journal eLife between 2012 and 2017. Women and authors from nations outside of North America and Europe were underrepresented both as gatekeepers (editors and peer reviewers) and last authors. We found a homophilic interaction between the demographics of the gatekeepers and authors in determining the outcome of peer review; that is, gatekeepers favor manuscripts from authors of the same gender and from the same country. The acceptance rate for manuscripts with male last authors was significantly higher than for female last authors, and this gender inequity was greatest when the team of reviewers was all male; mixed-gender gatekeeper teams lead to more equitable peer review outcomes. Similarly, manuscripts were more likely to be accepted when reviewed by at least one gatekeeper with the same national affiliation as the corresponding author. Our results indicated that homogeneity between author and gatekeeper gender and nationality is associated with the outcomes of scientific peer review. We conclude with a discussion of mechanisms that could contribute to this effect, directions for future research, and policy implications. Code and anonymized data have been made available at https://github.com/murrayds/elife-analysis
process. Each record potentially included four submissions-an initial submission, full 141 submission, and up to two revision submissions (though in some cases manuscripts 142 remain in revision even after two revised submissions). Fig 1 depicts the flow of all 143 23,873 manuscripts through each review stage. The majority, 70.0 percent, of initial 144 submissions for which a decision was made were rejected. Only 7,111 manuscripts were 145 encouraged for a full submission. A total of 7,192 manuscripts were submitted as full 146 submission; the number is slightly larger than encouraged initial submissions due to 147 appeals of initial decisions and other special circumstances. Most full submissions, 52.4 148 percent (n = 3,767), received a decision of revise, while another 43.9 percent (n = 3,154) 149 were rejected. A small number of full submissions (n = 54) were accepted without any 150 revisions. On average, full submissions that were ultimately accepted underwent 1.23 151 revisions and, within our dataset, 3,426 full submissions were eventually accepted to be 152 published. A breakdown of the number of revisions requested before a final decision is 153 made, by gender and nationality of the last author, is provided in S1 Fig. On the date 154 on which data was collected (mid-September, 2017), a portion of initial submission (n = 155 147) and full submissions (n = 602) remained in various stages of processing and 156 deliberation (without final decisions). Another portion of initial and full submissions (n 157 = 619) appealed their decision, causing some movement from decisions of "Reject" to 158 decisions of "Accept" or "Revise". Begins with an initial submission and initial decision of encourage or reject, and then leading to the first full review and subsequent rounds of revision. "Encouraged", "Accepted", "Rejected" and "Revision needed" represent the decisions made by eLife editors and reviewers at each submission stage. A portion of manuscripts remained in various stages of processing at the time of data collection-these manuscripts were labeled as "Decision pending". The status of manuscripts after the second revision is the final status that we consider in the present data. The dashed line delineates full submissions from rejected initial submissions.
The review process at eLife was highly selective, and became more selective over Left: Yearly count of initial submissions, encouraged initial submissions, and accepted full submissions to eLife between 2012 and 2016; Right: rate of initial submissions encouraged (Encourage %), rate of full submissions accepted (% Full accepted) and rate of initial submissions accepted (Overall accept %) between 2012 and 2016. Submissions during the year of 2017 were excluded because we do not have sufficient data for full life-cycle of these manuscripts.
In addition to authorship data, we obtained information about the gatekeepers 173 involved in the processing of each submission. In our study, we define gatekeepers to 174 include any Senior Editor or Reviewing Editor at eLife or invited peer reviewer involved 175 in the review of at least one initial or full submission between 2012 and mid-September 176 2017. Gatekeepers at eLife often serve in multiple roles, for example, acting as both a 177 Reviewing Editor and peer reviewer on a given manuscript. For initial submissions, we 178 had data on the corresponding author of the manuscript and the Senior Editor tasked 179 with making the decision. For full submissions we had data on the corresponding author, 180 first author, last author, Senior Editor, Reviewing Editor, and members of the team of 181 peer reviewers. Data for each individual included their stated name, institutional 182 affiliation, and country of affiliation. A small number of submissions were removed, 183 such as cases where a paper had a first but no last author or papers which did not have 184 a valid submission type. Country names were manually disambiguated (for example, 185 normalized names such as "USA" to "United States" and "Viet Nam" to "Vietnam"). 186 Full submissions included 6,669 distinct gatekeepers, 6,694 distinct corresponded 187 authors, 6,691 distinct first authors, and 5,580 distinct last authors. Authors were also 188 likely to appear on multiple manuscripts and may hold a different authorship role in each: in 26.5 percent of full submissions the corresponding author was also the first 190 author, while in 71.2 percent of submissions the corresponding author was also the last 191 author. We did not have access to the full authorship list that included middle authors. 192 Note that in the biosciences, the last author is typically the most senior researcher 193 involved [65] and responsible for more conceptual work, whereas the first author is 194 typically less senior and performs more of the scientific labor (such as lab work, analysis, 195 etc.) to produce the study [66] [67] [68] .
196
Gender assignment
197
Gender variables for authors and gatekeepers were coded using an updated version of 198 the algorithm developed in [5] . This algorithm used a combination of the first name and 199 country of affiliation to assign each author's gender on the basis of several universal and 200 country-specific name-gender lists (e.g., United States Census). This list of names was 201 complemented with an algorithm that searches Wikipedia for pronouns associated with 202 names. This new list was validated by applying it to a dataset of names with known 203 gender. We used data collected from RateMyProfessor.com, a website containing 204 anonymous student-submitted ratings and comments for professors, lecturers, and 205 teachers for professors at United States, United Kingdom and Canadian universities. 206 We limited the dataset to only individuals with at least five comments, and counted the 207 total number of gendered pronouns that appear in comments; if the total of one 208 gendered-pronoun type was at least the square of the other, then we assigned the gender 209 of the majority pronoun to the individual. To compare with pronoun-based assignment, 210 we assigned gender using the previously detailed first-name based algorithm. In total, 211 there were 384,127 profiles on RateMyProfessor.com that had at least five comments 212 and for whom pronouns indicated a gender. Our first name-based algorithm assigned a 213 gender of male or female to 91.26 percent of these profiles. The raw match-rate between 214 these two assignments was 88.6 percent. Of those that were assigned a gender, our first 215 name-based assignment matched the pronoun assignment in 97. 
Results

241
Gatekeeper representation 242 We first analyzed whether the gender and national affiliations of the population of 243 gatekeepers at eLife was similar to that of the authors of initial and full submissions 244 ( Fig 2) . The population of gatekeepers was primarily comprised of invited peer 245 reviewers, as there were far fewer Senior and Reviewing Editors. A gender breakdown 246 by type of gatekeeper has been provided in S1 Table, and a national breakdown is 247 provided in S2 Table. 248 The population of gatekeepers at eLife was heavily dominated by those from North 259 America, who constitute 59.9 percent (n = 3,992). Gatekeepers from Europe were the 260 next most represented, constituting 32.4 percent (n = 2,161), followed by Asia with 5.7 261 percent (n = 379). Individuals from South America, Africa, and Oceania each made up 262 less than two percent of the population of gatekeepers. As with gender, we identified 263 significant differences between the international composition of gatekeepers and that of 264 the authors. Gatekeepers from North America were over-represented whereas 265 gatekeepers from Asia and Europe were under-represented compared to the population 266 of corresponding authors, χ 2 (5, n = 18, 191) = 6904.6, p < 0.0001, first authors, 267 χ 2 (5, n = 6, 670) = 480.4, p < 0.0001, and last authors, χ 2 (5, n = 5, 564) = 428.2, 268 p < 0.0001. The international representation of gatekeepers was most similar to first 269 and last authorship, and least similar to corresponding authorship. This likely resulted 270 from the fact that our population of corresponding authors included initial submissions, 271 which tend to be more internationally diverse than full submissions, for which we had 272 information about first and last authors as well as corresponding authors. We found small but statistically significant gender inequity favoring men in the 280 outcomes of each stage of the review processes. The percentage of initial submissions 281 encouraged was higher for male corresponding authors-30.6 to 28.6 percent, Top: proportion of identified men and women in the populations of distinct gatekeepers (Senior Editors, Reviewing Editors, and peer reviewers) and of the populations of distinct corresponding authors, first authors, and last authors; percentages exclude those for whom gender could be identified. Bottom: proportion of people with national affiliations within each of six continents in the population of distinct gatekeepers, and for the population of distinct corresponding, first, and last authors. Black dashed lines overlaid on authorship graphs indicate the proportion of gatekeepers within that gendered or continental category. Asterisks indicate the significance level of χ 2 tests of independence comparing the frequency of gender or continents between gatekeepers and each authorship type. "****" = p < 0.0001; "ns" = p > 0.1.
process yielded significantly higher overall accept rates (the percentage of initial 
Gender homogeneity and peer review outcome 298
To examine the relationship between author-gatekeeper gender homogeneity on review 299 outcomes, we analyzed the gender composition of the gatekeepers and authors of full 300 submissions. Each manuscript was assigned a reviewer composition category of all-male, 301 all-female, mixed, or uncertain. Reviewer teams labeled all-male and all-female were 302 teams for which we could identify a gender for every member, and for which all genders 303 were identified as either male or female, respectively. Teams labeled as mixed were those 304 teams where we could identify a gender for at least two members, and which had at 305 least one male and at least one female peer reviewer. Teams labeled as uncertain were 306 those teams for which we could not assign a gender to every member and which were 307 not mixed. A full submission is typically reviewed by two to three peer reviewers, which 308 may or may not include the Reviewing Editor. However, the Reviewing Editor is likely 309 to some degree always involved in the review process of a manuscript, and so we always 310 considered the Reviewing Editor as a member of the reviewing team. Of 7,912 full 311 submissions, a final decision of accept or reject was given for 6,590 during the dates 312 analyzed; of these, 40.9 percent (n = 2,696) were reviewed by all-male teams, 1. 
321
For mixed-gender reviewer teams, the disparity in author success rates by gender was 322 smaller and non-significant. All-female reviewer teams were rare (only 81 of 6,509 323 processed full submissions). In the few cases of all-female reviewer teams, there was a 324 higher acceptance rate for female last, corresponding, and first authors; however, this 325 difference was not statistically significant, and the number of observations was too small 326 to draw conclusions. There was no significant relationship between first authorship 327 gender and acceptance rates, regardless of the gender composition of the reviewer team 328 (see S3 Fig) . In summary, we found that full submissions with male corresponding and 329 last authors were more often accepted when they were reviewed by a team of 330 gatekeepers consisting only of men; greater parity in outcomes was observed when 331 gatekeeper teams contained both men and women. We refer to this favoring by 332 reviewers of authors sharing the same gender as homophily. Each stage of review contributed to the disparity of national representation between 349 initial, full, and accepted submissions, with manuscripts from the United States, United 350 Kingdom, and Germany more often encouraged as initial submissions, and accepted as 351 full submissions. Figure 6 shows that initial submissions with a corresponding author Country homogeneity and peer review outcomes 361 We also investigated the relationship between peer review outcomes and the presence of 362 nationality-based homogeneity between the authors and reviewers. We defined national 363 homogeneity as a condition with at least one member of the reviewer team (Reviewing 364 Editor and peer reviewers) listing the same national affiliation as the corresponding Table. 377
We examined whether author-reviewer homogeneity tended to result in the favoring 378 of submissions from authors of the same country as the reviewer. We first pooled 379 together all countries, as shown in Fig 7, and found that the presence of homogeneity 380 during review was significantly associated with a higher accept rate, 381 χ 2 (1, n = 6, 508) = 75.9, p < 0.0001. However, most cases of homogeneity occurred for 382 authors from the United States, so this result could potentially reflect the higher accept 383 rate for these authors, rather than homophily. Therefore we repeated the test, excluding 384 all full submissions with corresponding authors from the United States, and we again 385 found a significant homophilic effect, χ 2 (1, n = 3, 236) = 14.1, p < 0.001. We repeated 386 once more, excluding full submissions with corresponding authors from the the United 387 States, United Kingdom, and Germany, and we identified no homophilic effect, 388 χ 2 (1, n = 1, 920) = 0.095, p > 0.1.
389
We also examined the effects of homogeneity within individual nations and tested for 390 the presence of homophilic effects. inverse trend for France and Canada, where the presence of gatekeepers from the same 398 country was associated with lower accept rates, though this trend was not statistically 399 significant. In summary, we found that the presence of national homogeneity was rare 400 unless an author was from the United States, but that author/reviewer homogeneity 401 was often (though not always) associated with homophilic bias.
402
Discussion
403
We identified inequities in peer review outcomes at eLife, based on gender and 404 nationality of the senior (last and corresponding) authors. We observed a significant 405 disparity in the acceptance rates of submissions with male and female last authors, 406 which favored men. Inequities were also observed by country of affiliation. In particular, 407 submissions from highly developed countries, with high scientific capacities, tended to 408 August 26, 2018 14/33
Submitted to PLOS Biology have higher success rates than others. These inequities in peer review outcomes could 409 be attributed, at least in part, to an interaction between gatekeeper and author 410 demographics, which can be described as homophily, or a preference based on shared 411 characteristics: Gatekeepers were more likely to recommend a manuscript for acceptance 412 if they shared demographic characteristics with the authors. In particular, manuscripts 413 with male senior (last or corresponding) authors were more likely to be accepted if 414 reviewed by an all-male reviewer panel rather than a mixed-gender panel. Similarly, 415 manuscripts were more likely to be accepted if at least one of the reviewers was from 416 the same country as the last or corresponding author. The differential outcomes on the 417 basis of homophily suggests that peer review at eLife is influenced by some form of 418 bias-be it implicit bias [3, 16] , geographic or linguistic bias [24, 69, 70] , or cognitive 419 particularism [40] . Specifically, a homophilic interaction suggests that peer review 420 outcomes may sometimes be based on more than the intrinsic quality of manuscript; the 421 composition of the review team is also related to outcomes in peer review.
422
The opportunity for homophilous interactions is determined by the demographics of 423 the gatekeeper pool. We found that the demographics of the gatekeepers differed 424 significantly from those of the authors, even for last authors, who tend to be more 425 senior [65] [66] [67] [68] . Women were underrepresented among eLife gatekeepers, and 426 gatekeepers tended to come from a small number of highly-developed countries. The 427 underrepresentation of women at eLife mirrors global trends-women comprise a 428 minority of total authorships, yet constitute an even smaller proportion of gatekeepers 429 across many domains [13, [71] [72] [73] [74] [75] [76] [77] [78] . Similarly, gatekeepers at eLife were less 430 internationally diverse than their authorship, reflecting the general underrepresentation 431 of the "global south" in leadership positions of international journals [79] .
432
The demographics of the reviewer pool made certain authors more likely to benefit 433 from homophily in the review process than others. US authors were much more likely 434 than not (see S3 Table) to be reviewed by a panel with at least one reviewer from the 435 US. However, the opposite was true for authors from other countries. Fewer 436 opportunities for such homophily may result in a disadvantage for scientists from 437 smaller and less scientifically prolific countries. For gender, male lead authors had a 438 nearly 50 percent chance of being reviewed by a homophilous (all-male), rather than a 439 mixed-gender team. In contrast, because all-female reviewer panels were so rare 440 (accounting for only 81 of 6,509 full submission decisions), female authors were highly 441 unlikely to benefit from homophily in the review process.
442
Increasing eLife's representation of women and scientists from a more diverse set of 443 nations among editors may lead to more diverse reviewer pool and a more equitable 444 peer review process. Editors often invite peer reviewers from their own professional 445 networks, networks that likely reflect the characteristics of the editor [80] [81] [82] ; this can 446 lead to editors, who tend to be men [13, [71] [72] [73] [74] [75] [76] [77] [78] and from scientifically advanced 447 countries [79] to invite peer reviewers who are cognitively or demographically similar to 448 themselves [44, 83, 84] , inadvertently excluding certain groups from the gatekeeping 449 process. Accordingly, we found that male Reviewing Editors at eLife were less likely to 450 create mixed-gender teams of gatekeepers than female Reviewing Editors (see S5 Fig) . 451 We observed a similar effect based on the nationality of the Reviewing Editor and The size of disparities we observe in peer review outcomes may seem modest, 454 however these small disparities can accumulate through each stage of the review process 455 (initial submission, full submission, revisions), and potentially affect the outcomes of 456 many submissions. For example, the overall acceptance rate (the rate at which initial 457 submissions were eventually accepted) for male and female corresponding authors was 458 15.4 and 13.6 percent respectively; in other words, manuscripts submitted to eLife with 459 female lead authors were published at 88.3 percent the rate of those with male lead authors. Similarly, manuscripts submitted by lead authors from China were accepted at 461 only 22.0 percent the rate of manuscripts submitted by a lead author from the United 462 States (with overall acceptance rates of 4.9 and 22.3 percent, respectively). Success in 463 peer review is vital for a researcher's career because successful publication strengthens 464 their professional reputation and makes it easier to attract funding, students, postdocs, 465 and hence further publications. Even small advantages can compound over time and 466 result in pronounced inequalities in science [85] [86] [87] [88] .
467
Our finding that the gender of the last authors is associated with a significant 468 difference in the rate at which full submissions were accepted at eLife stands in contrast 469 with a number of previous studies of journal peer review; these studies have found no 470 significant difference in outcomes of papers submitted by male and female 471 authors [55, 89, 90] , or differences in reviewer's evaluations based on the author's 472 apparent gender [91] . This discrepancy may may be explained in part by eLife's unique 473 context, policies, or the relative selectivity of eLife compared to venues where previous 474 studies found gender equity. In addition, our results point to a key feature of study 475 design that may account for some of the differences across studies, which is the 476 consideration of multiple authorship roles. This is especially important for the 477 biosciences, where authorship order is strongly associated with contribution [67, 68, 92] . 478 Whereas our study examines the gender of the first, last, and corresponding authors, 479 most previous studies have focused on the gender of the first author (e.g., [2, 89, 93] ) or 480 of the corresponding author (e.g., [21, 94] ). Like previous studies, we observed no strong 481 relationship between first author gender and review outcomes at eLife. Only when 482 considering lead authorship roles-last authorship, and to a lesser extent, corresponding 483 author, did we observe such an effect. Our results may be better compared with studies 484 of grant peer review, where leadership roles are more explicitly defined, and many 485 studies have identified significant disparities in outcomes favoring men [17, 18, [95] [96] [97] [98] , 486 although many other studies have found no evidence of gender 487 disparity [20, 22, 23, [99] [100] [101] . Given that science has grown increasingly collaborative and 488 that average authorship per paper has expanded [102, 103] , future studies of disparities 489 would benefit from explicitly accounting for multiple authorship roles and signaling 490 among various leadership positions on the byline [65, 104] .
491
The interaction we found between the gender and nationality of the gatekeepers and 492 peer review outcomes also stands in contrast to the findings from a number of previous 493 studies. One study, [105] , identified a homophilous relationship between female 494 reviewers and female authors. However, most previous analyses found only procedural 495 differences based on the gender of the gatekeeper [21, 90, 91, 106] and identified no 496 difference in outcomes based on the interaction of author and gatekeeper gender in 497 journal submissions [90, 107, 108] or grant review [22] . Studies of gatekeeper nationality 498 have found no difference in peer review outcomes based on the nationality of the 499 reviewer [107, 109] , though there is little research on the correspondence between author 500 and reviewer gender. One past study examined the interaction between U.S. and 501 non-U.S. authors and gatekeepers, but found an effect opposite to what we observed, 502 such that U.S. reviewers tended to rate submissions of U.S. authors more harshly than 503 those of non-U.S. authors [43] . Our results also contrast with the study most similar to 504 our own, which found no evidence of bias related to gender, and only modest evidence 505 of bias related to geographic region [2] . These discrepancies may result from our 506 analysis of multiple author roles. Alternatively, they may result from the unique nature 507 of eLife's consultative peer review; the direct communication between peer reviewers 508 compared to traditional peer review may render the social characteristics of reviewers 509 more influential.
510
Limitations 511
There are limitations of our methodology that must be considered. First, we have no 512 objective measure of the intrinsic quality of manuscripts. Therefore, it is not clear 513 which review condition (homophilic or non-homophilic) more closely approximates the 514 ideal of merit-based peer review outcomes. Second, measuring the interaction between 515 reviewer and author demographics on peer review outcomes cannot readily detect biases 516 that are shared by all reviewers/gatekeepers (e.g., if all reviewers, regardless of gender, 517 favored manuscripts from male authors); hence, our approach could underestimate the 518 influence of bias. Third, our analysis is observational, so we cannot establish causal 519 relationships between success rates and authors or gatekeeper demographics. Along 520 these lines, the reliance on statistical tests with arbitrary significance thresholds may 521 provide misleading results (see [110] ), or obfuscate statistically weak but potentially 522 important relationships. Fourth, our gender-assignment algorithm is only a proxy for 523 author gender and varies in reliability by continent.
524
Further studies will be required to determine the extent to which the effects we 525 observe generalize to other peer review contexts. Specific policies at eLife, such as their 526 consultative peer review process, may contribute to the effects we observed. Other 527 characteristics of eLife may also be relevant, including its level of prestige [12] , and its 528 disciplinary specialization in the biological sciences, whose culture may differ from other 529 scientific and academic disciplines. Future work is necessary to confirm and expand 530 upon our findings, assess the extent to which they can be generalized, establish causal 531 relationships, and mitigate the effects of these methodological limitations. To aid in this 532 effort, we have made as much as possible of the data and analysis publicly available at 533 (https://github.com/murrayds/elife-analysis). [46, 50, [111] [112] [113] [114] , which can affect the quantity and perceived quality of 538 submitted manuscripts. However, these structural factors do not readily account for the 539 observed interaction between gatekeeper and author demographics associated with peer 540 review outcomes at eLife; rather, biases related to the personal characteristics of the 541 authors and gatekeepers are likely to play some role in peer review outcomes.
542
Our results suggest that it is not only the form of peer review that matters, but also 543 the composition of reviewers. Homophilous preferences in evaluation are a potential 544 mechanism underpinning the Matthew Effect [1] in academia. This effect entrenches 545 privileged groups while potentially limiting diversity, which could hinder scientific 546 production, since diversity may lead to better working groups [115] and promote 547 high-quality science [116, 117] . Increasing gender and international representation 548 among scientific gatekeepers may improve fairness and equity in peer review outcomes, 549 and accelerate scientific progress. However, this must be carefully balanced to avoid 550 overburdening scholars from minority groups with disproportionate service obligations. 551 Although some journals, such as eLife and Frontiers Media, have begun providing 552 peer review data to researchers (see [44, 118] ), data on equity in peer review outcomes is 553 currently available only for a small fraction of journals and funders. While many 554 journals collect these data internally, they are not usually standardized or shared 555 publicly. One group, PEERE, authored a protocol for open sharing of peer review 556 data [119, 120] , though this protocol is recent, and the extent to which it will be 557 adopted remains uncertain. To both provide better benchmarks and to incentivize 558 better practices, journals should make analyses on author and reviewer demographics 559 publicly available. These data include, but would not be limited to, characteristics such 560 as gender, race, sexual orientation, seniority, and institution and country of affiliation. 561 It is likely that privacy concerns and issues relating to confidentiality will limit the full 562 availability of the data; but analyses that are sensitive to the vulnerabilities of smaller 563 populations should be conducted and made available as benchmarking data.
564
Some high-profile journals have experimented with implementing double-blind peer 565 review as a potential solution to inequities in publishing, including Nature [121] and 566 eNeuro [11] , though in some cases with mixed results [60] . In addition, journals are 567 analyzing the demographics of their published authorship and editorial staff in order to 568 identify key problem areas, focus initiatives, and track progress in achieving diversity 569 goals [13, 83, 89] . Alternatives to traditional peer review have also been proposed, 570 including open peer review, study pre-registration, consultative peer review, and hybrid 571 processes (eg: [64, [122] [123] [124] [125] [126] ), as well as alternative forms of dissemination, such as 572 preprint servers (e.g., arXiv, bioRxiv). Currently, there is little empirical evidence to 573 determine whether these formats constitute less biased or more equitable alternatives [3] . 574 More work should be done to study and understand the issues facing peer review 575 and scientific gatekeeping in all its forms, and to promote fair, efficient, and 576 meritocratic scientific cultures and practices. Editorial bodies should craft policies and 577 implement practices that diminish disparities in peer review; they should also continue 578 to be innovative and reflective about their practices to ensure that papers are accepted 579 on scientific merit, rather than particularistic characteristics of the authors. In this case, zero revisions occurs when a full submission is accepted or rejected without 586 a request for any revisions. The dataset records at maximum two revisions, though only 587 a small number of manuscripts remain in revision after two submissions (see Fig 1) . For 588 this figure, we only include manuscripts for which a final decision is made after zero, 
